The detection of pure spin currents via the inverse spin Hall effect (ISHE) [1] [2] [3] is a promising route towards energyefficient spintronics [4] . Towards this end, the discovery of new spin-detector materials has focused on normal metals (NMs), such as Pt, Ta, and W [5] [6] [7] . The intense interest in spin current detection requires understanding of ISHE in materials beyond NMs. Recently, spin-detector materials have been extended to ferromagnets (FM) such as permalloy (Py) with comparable efficiency to Pt [8] . However, additional FM ordering and other confounding effects of anisotropic magnetoresistance (AMR) limit the possible applications in dynamic experiments [9] . In contrast, antiferromagnets (AF) with exotic properties (e.g., zero net magnetization, non-trivial spin-orbit coupling, and nonlinear magnetism), have attracted increasing attention [10] [11] [12] [13] [14] and are promising for higher-frequency applications beyond ferromagnetic resonance (FMR). Large anomalous Hall effect and spin Hall effect (SHE) have been theoretically proposed in γ-FeMn, IrMn 3 and Cr, owing to the large spin-orbit coupling of heavy atoms and the Berry phase of the noncollinear spin textures [15] [16] [17] . These pioneering theoretical works emphasize the need for searching new efficient AF spin current detectors materialwise as well as experiments investigating the role of heavy elements for the spin-orbit properties of their AF alloys. In this context, important spin-transport parameters need to be determined, which include the spin Hall angle (γ S H ), spin diffusion length (λ s f ) and/or spin dephasing length [18, 19] , as well as the influence from interface characteristics such as spin mixing conductance (g mix ), spin-memory-loss, and exchange interaction [20] [21] [22] [23] .
In this work, we present measurements of four different CuAu-I-type AFs with the same chemical structure, i.e., X 50 Mn 50 where X=Fe, Pd, Ir, and Pt (with increasing atomic number), as spin current detector materials. The CuAu-Itype AFs are of significant interest due to their simple structure as well as the high possibility of epitaxial growth on many FMs, which are crucial for many spintronics applications. Spin pumping and ISHE experiments were carried out on Py(15)/AF(t) bilayer and Py(15)/Cu(4)/AF(t) multilayer structures [all thicknesses, including t, are in nm]. The Cu(4) breaks the FM/AF magnetic exchange coupling, yet it does not alter the spin propagation between the FM and AF due to the fact that its spin diffusion length is much longer than 4 nm at room temperature (RT) (Fig.1) . We fabricated the devices using magnetron sputtering and photolithography [24] . The bilayers and multilayers were prepared in the shape of a 20 µm × 2 mm stripe using lithography and lift-off on intrinsic Si substrates with 300-nm thick thermally grown SiO 2 . The electrical leads and the coplanar wave-guide (CPW) were subsequently fabricated on top of the bilayer or trilayers. A 80-nm-thick MgO spacer was used to separate the multilayer stack from the CPW. The resistivity values of the AFs were characterized independently using a four-probe method, yielding 167.7 µΩ · cm for FeMn, 223.0 µΩ · cm for PdMn, 269.3 µΩ · cm for IrMn, and 164.0 µΩ · cm for PtMn, respectively. For the spin pumping measurements, the frequency was kept between 4 and 9 GHz and the rf power was 10 dBm. Figure 2 illustrates the dc voltages (V dc ) measured at 9 GHz for the four different AF materials in the Py/Cu/AF(5) structure. The signals have superimposed symmetric and antisymmetric Lorentzian components. The antisymmetric component is attributed to the homodyne AMR while the symmetric component results from the ISHE [25, 26] . The positive polarity of the ISHE voltage with respect to the AMR indicates a positive spin Hall angle for all four materials. Since both the ISHE and AMR components have the same power dependence, the resultant dc voltage is a sum of the two [25, 26] . We define a parameter W ISHE , which represents the weight of the symmetric component (ISHE). W ISHE can be further expressed in the form of W ISHE = 1/(1+V AMR /V ISHE ), and the ratio of the two components can be written as [27] :
where γ S H is the spin Hall angle, L is the device length, E is the ellipticity correction, R CPW is the CPW resistance, I CPW is the microwave current passing along the CPW,
is the FM anisotropic magnetoresistance, h r f is the Oersted field, ∆H is the linewidth, and ρ F M is the FM resistivity [27] . Notably, the AF thickness dependence is only contained in the distribution of the spin accumulation tanh(
). Therefore, the spin diffusion length can be extracted from fitting the thicknessdependent ratio W ISHE (Fig. 3) . This model was initially used for Py/NM bilayers, but it can be applied to the current scenario due to the facts that (1) Cu has negligible spin Hall effect and long spin diffusion length (on the order of hundreds of nm), and (2) Cu shunts the voltages from both AMR and ISHE, therefore the parameter W ISHE is weakly affected. Experimentally we found that the absolute values of W ISHE for Py/AF is almost the same with Py/Cu/AF but only slightly smaller, and the thickness dependence of W ISHE is almost identical for the two sets of samples. One possible explanation of the smaller W ISHE values for Py/AF could be the exchange spring effect [28, 29] causing additional AMR contribution from the AF moments oscillating together with the Py moments [10, 13] . We obtain the spin diffusion length for the four AF materials (Fig.3) : λ s f (FeMn) =1.8 ± 0.5 nm, λ s f (PdMn) =1.3 ± 0.1 nm, λ s f (IrMn) =0.7 ± 0.2 nm, and λ s f (PtMn) =0.5 ± 0.1 nm. Such small spin diffusion lengths are comparable to the mean free paths estimated from their resistivity values, however the diffusion model, which lays the foundation of the above analysis, is still valid in this limit [30] .
In Eq. (1), only the spin Hall angle, γ S H , spin mixing conductance, g mix , and spin diffusion length, λ s f are specific parameters related to the AF materials (spin current detector). Therefore, W ISHE can be re-written as:
where C depends on f and is otherwise only a function of the CPW and FM layer, and is thus independent of the AFs. We note that for very thin AF layers, it is likely that the Néel temperatures may be below RT due to the finite size effects [31, 32] , which may affect the determination of λ s f . Using a phenomenological model [31] and realistic parameters [33] we estimate the critical thicknesses for paramagnetic to antiferromagnetic transitions at RT to be ∼ 1 -2 nm for all the AFs studied here. However, at sufficiently high AF thickness, t AF (> 3λ s f ), the AF layers are antiferromagnetically ordered and the W ISHE also saturates with the AF thickness (tanh( [16] attributed the origin of the anomalous Hall effect of IrMn 3 not only to the triangular spin textures but also to the large spin orbit coupling of the heavy Ir atoms which is transferred to the magnetic Mn atoms by their hybridization. Further, another experiment showed that the spin-orbit strength of a non-magnetic metal in a magnetic alloy directly dictates the magnitude of the anomalous Hall effect [34] . Therefore the 5d-metal-alloy AFs (PtMn and IrMn) are expected to exhibit stronger intrinsic SHE than the 4d-metal-alloy PdMn, which is further stronger than the 3d-metal-alloy FeMn. Recent work has demonstrated quantitative scaling of the spin Hall angle with the atomic number in a series of noble metals [35] . Our results further highlight the important role of the spin-orbit coupling of the heavy elements for the properties of their simple alloys which also acquire sizable spin-orbit effect due to the transfer of spin-orbit coupling through their orbital hybridization [16, 34] . In order to determine the spin Hall angle and spin Hall conductivity quantitatively from the experimental data, it is also necessary to determine the spin mixing conductance, g mix , which is usually extracted from the damping enhancement (∆α) in spin pumping experiment. For paramagnetic metals, the damping enhancement is mostly related to bulk spin absorption. However, additional contribution may arise due to magnetic ordering of interfaces [19, 36] . For Py/Cu/AF structures, it has been found that the spin mixing and the spinto-charge conversion are driven by the Cu/AF interface and the AF spin absorption, respectively [18, 22, 23] . For Py/AF structures, the spin mixing is affected by interface magnetic ordering and exchange coupling.
We present data for IrMn as an example. As illustrated in Fig.4 , the linewidth for Py/IrMn is higher than that for Py/Cu/IrMn, and both are greater than for pure Py. The damping enhancement can thus be extracted from linearly fitting the frequency dependence of the linewidth broadening (∆H). As shown in Fig.4(a) , the damping enhancement for Py/Cu/IrMn is around ∆α = 1 × 10 −3 . A g mix is estimated around 12 nm
∆α [21, 25, 27] , where g, µ B , and M s are the Landé g factor, Bohr magneton, and saturation magnetization of Py, respectively. Measurements on FeMn, PdMn, and PtMn show less discernable damping enhancement. In order to compare our measurements to the theoretical calculations, we assume the same value of g mix for all measured AFs. Using the pre-determined resistivity value of each AF, we estimated the spin Hall angle from Eq.(1) of the AFs to be 0.008±0.002 for FeMn, 0.015±0.005 for PdMn, 0.022±0.005 for IrMn, and 0.060±0.010 for PtMn, respectively. The corresponding spin Hall conductivities (σ exp ) are also calculated and shown in Table I. These estimated values are in agreement with the previous analysis using the ratio between ISHE and AMR. Finally, we note that the spin Hall angle for PtMn is comparable to that of Pt obtained by the same experimental approach [24] , which opens up the possibility of using PtMn as spin current detector in a variety of AF spintronics applications.
The Py/AF bilayers showed additional damping enhancement, which is 3 or 4 times larger than in the Py/Cu/AF samples (Fig.4) . We attribute this additional damping enhancement to the FM/AF exchange coupling at the interface. Since AFs usually have relatively high anisotropy, the transfer of spin angular momentum from precessing FM(Py) to the AF experiences additional dissipation induced by the rigid AF spin lattices under direct FM/AF exchange coupling. We also measured the frequency dependent linewidth at 10 K for one sample, Py(15)/IrMn(5). The damping enhancement is almost doubled compared to that at room temperature, which is also likely due to the enhanced AF anisotropy at lower temperatures [ Fig. 4(b) ] [37] . This correlation between the damping enhancement and AF anisotropy could be useful for tuning dynamic properties of AF-spintronics devices via engineering the AF anisotropy.
Finally, we compare the experimental estimates of SHE to the intrinsic SHE calculated for ordered PtMn, IrMn, PdMn and FeMn alloys. The generalized gradient approximation to density functional theory [38] as implemented in the fullpotential linearized augmented-plane-wave code FLEUR [39] was employed in the calculations. We took the lattice parameters measured experimentally for the ordered alloys at room temperature: a=4.00Å and c=3.67Å for PtMn, a=3.855Å and c=3.644Å for IrMn, a=4.07Å and c=3.58Å for PdMn and a=c=3.63Å for FeMn. In the ordered alloys, the staggered magnetization is along the c-axis in PtMn and along the aaxis in PdMn and IrMn [41] . FeMn is a noncollinear antiferromagnet [40] . Since the magnetic structure of the thin layers of Pt 50 Mn 50 , Ir 50 Mn 50 , Pd 50 Mn 50 and Fe 50 Mn 50 on Py is not known, we therefore performed calculations of the electronic structure assuming collinear antiferromagnetic order with staggered magnetization direction along the a-axis as well as along the c-axis and averaged the SHE conductivity with respect to the staggered magnetization direction. Spin orbit interaction was included in the calculations. The intrinsic spin Hall conductivity is given by
where E F is Fermi energy, N is the number of k-points k, kn is the band energy, v j is the velocity component in direction j and
is the spin current density operator for spin current flowing in i direction with spin pointing in s direction. Here, V is the volume of the unit cell and σ s a Pauli matrix. We employed the Wannier interpolation technique [43] to make the evaluation of Eq. (3) computationally efficient. We constructed 18 maximally localized Wannier functions [4, 5] per atom describing the valence states [42, 45] . A 512×512×512 Monkhorst-Pack k-mesh [44] was employed to perform the Brillouin zone summation in Eq. (3). The resulting SHE conductivities are listed in Table I .
Assuming that the thin layers of Pt 50 Mn 50 , Ir 50 Mn 50 , Pd 50 Mn 50 and Fe 50 Mn 50 on Py are (111) textured and that the individual crystallites are rotated randomly around the (111) direction we obtain polycrystalline average SHE conductivities listed asσ in Table I for fixed collinear staggered magnetization directions along the a and c directions within the crystallites. Assuming additionally that the direction of the staggered magnetization in the crystallites is random we compute averaged SHE conductivities as
which are also given in the Table I . It is noted that the values for PtMn, PdMn, and IrMn follow qualitatively the trend established by the experiments, which validates the averaging of magnetization directions for polycrystalline films. The larger discrepancy between experiment and theory observed for FeMn (including a sign difference) may be due to its pronounced noncollinear magnetism. In summary, we studied four metallic AF materials with the same chemical structure as possible spin current detectors using spin pumping and inverse spin Hall effect. By thickness dependent measurements, we determined the spin diffusion length of these materials to be all rather short, on the order of 1 nm. We estimated the strength of the spin Hall angle of the four AF materials, in which the PtMn 5 showed a large value, comparable to that of Pt. The estimated spin Hall angles of the four materials follow the relationship: PtMn>IrMn>PdMn>FeMn, corroborating the important role of the spin-orbit coupling of the heavy metals for the properties of the Mn-based alloys through orbital hybridization. By comparing samples with and without a Cu spacer, we confirmed additional damping enhancement due to the exchange coupling at the FM/AF interface, in addition to that induced by the transfer of spin angular momentum from spin pumping. We also performed first-principles calculations of ordered alloys and showed that the value of spin Hall conductivity can vary significantly with crystal orientation and staggered AF magnetization; calculations of averaged spin Hall conductivities for polycrystalline systems are in agreement with our experimental results for PdMn, IrMn, and PtMn. Future works on ordered epitaxial systems may allow tailoring sign and magnitude of the spin Hall conductivities by manipulating the growth along different crystal orientations in these antiferromagnets.
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